The instruction of the immune system to be tolerant of self, thereby preventing autoimmunity, is facilitated by the education of T cells in a specialized organ, the thymus, in which self-reactive cells are either eliminated or differentiated into tolerogenic Foxp3 1 regulatory T (T reg ) cells 1 . However, it is unknown whether T cells are also educated to be tolerant of foreign antigens, such as those from commensal bacteria, to prevent immunopathology such as inflammatory bowel disease 2-4 . Here we show that encounter with commensal microbiota results in the peripheral generation of T reg cells rather than pathogenic effectors. We observed that colonic T reg cells used T-cell antigen receptors (TCRs) different from those used by T reg cells in other locations, implying an important role for local antigens in shaping the colonic T reg -cell population. Many of the local antigens seemed to be derived from commensal bacteria, on the basis of the in vitro reactivity of common colon T reg TCRs. These TCRs did not facilitate thymic T reg -cell development, implying that many colonic T reg cells arise instead by means of antigendriven peripheral T reg -cell development. Further analysis of two of these TCRs by the creation of retroviral bone marrow chimaeras and a TCR transgenic line revealed that microbiota indigenous to our mouse colony was required for the generation of colonic T reg cells from otherwise naive T cells. If T cells expressing these TCRs fail to undergo T reg -cell development and instead become effector cells, they have the potential to induce colitis, as evidenced by adoptive transfer studies. These results suggest that the efficient peripheral generation of antigen-specific populations of T reg cells in response to an individual's microbiota provides important postthymic education of the immune system to foreign antigens, thereby providing tolerance to commensal microbiota.
The instruction of the immune system to be tolerant of self, thereby preventing autoimmunity, is facilitated by the education of T cells in a specialized organ, the thymus, in which self-reactive cells are either eliminated or differentiated into tolerogenic Foxp3 1 regulatory T (T reg ) cells 1 . However, it is unknown whether T cells are also educated to be tolerant of foreign antigens, such as those from commensal bacteria, to prevent immunopathology such as inflammatory bowel disease [2] [3] [4] . Here we show that encounter with commensal microbiota results in the peripheral generation of T reg cells rather than pathogenic effectors. We observed that colonic T reg cells used T-cell antigen receptors (TCRs) different from those used by T reg cells in other locations, implying an important role for local antigens in shaping the colonic T reg -cell population. Many of the local antigens seemed to be derived from commensal bacteria, on the basis of the in vitro reactivity of common colon T reg TCRs. These TCRs did not facilitate thymic T reg -cell development, implying that many colonic T reg cells arise instead by means of antigendriven peripheral T reg -cell development. Further analysis of two of these TCRs by the creation of retroviral bone marrow chimaeras and a TCR transgenic line revealed that microbiota indigenous to our mouse colony was required for the generation of colonic T reg cells from otherwise naive T cells. If T cells expressing these TCRs fail to undergo T reg -cell development and instead become effector cells, they have the potential to induce colitis, as evidenced by adoptive transfer studies. These results suggest that the efficient peripheral generation of antigen-specific populations of T reg cells in response to an individual's microbiota provides important postthymic education of the immune system to foreign antigens, thereby providing tolerance to commensal microbiota.
Although T reg cells are required for the maintainenance of gut tolerance 3 , commensal bacteria are not necessary for colonic T reg -cell generation 5, 6 (Supplementary Fig. 1 ). Moreover, T reg cells from germ-free mice can protect against colitis 7 . In contrast, extrathymic generation of T reg cells that respond to foreign antigens has been demonstrated with TCR transgenic models of oral tolerance 8, 9 . Peripheral T reg -cell development is also increased in the gut 9,10 , a response that is potentially related to the presence of specialized antigenpresenting cells 9, [11] [12] [13] . Finally, species in the Clostridium genus 14 , and Bacteroides fragilis 6 by means of a protease-resistant capsular polysaccharide, can increase the frequency or function of colonic T reg cells, but may do so through innate immune receptors 15 . Thus, it remains unclear whether the protective colonic T reg -cell population is generated against self antigens or foreign antigens derived from the commensal bacteria found in each individual.
Although TCR transgenic lines that respond to to antigens derived from commensal bacteria have been described 16 , the normal in vivo frequency of those TCRs in the T reg -cell subset as compared with the effector T-cell subsets is unknown. To study the TCRs normally found in the colonic T reg -cell population, we analysed the colonic TCR repertoire. As a result of the great diversity of the fully polyclonal TCR repertoire, we and others have used genetically engineered mice with limited polyclonal repertoires [17] [18] [19] . The analysis of TCR a-chain repertoires of CD4 1 T cells from the colonic lamina propria of mice expressing a fixed transgenic TCR b chain revealed that Foxp3 1 T reg cells use TCRs that are quite distinct from those of effector/memory (CD44 hi ) and naive (CD44 lo ) Foxp3 2 cells (Fig. 1a, b and Supplementary Figs 2 and 3 ). This is illustrated by using the Morisita-Horn similarity index ( Fig. 1a ), in which values from 0 to 1 represent low to high similarity between two data sets, and also by the analysis of the relative frequencies of individual common TCRs in each T-cell subset ( Fig. 1b) . Moreover, the analysis of TCR a chains of cells pooled from the secondary lymphoid organs and colons of additional mice showed that T reg TCR usage in the colon differed greatly from that in the other organs ( Fig. 1c, d and Supplementary Fig. 3 ). Like the T reg -cell population, the effector/memory T-cell population expressed TCRs largely unique to the colon; however, these two subsets showed very little overlap. Thus, consistent with our previous observations in other peripheral locations 20 , these TCR repertoire data suggest that the colonic T reg -cell population is strongly shaped by the local antigenic milieu.
To assess whether the local antigens were bacterial in origin, we expressed colon T reg TCRs ( Supplementary Fig. 3 ) in a hybridoma cell line that contains a green fluorescent protein (GFP) reporter for nuclear factor of activated T cells (NFAT) activation as a readout for TCR engagement 21 . We initially screened these hybridomas against autoclaved colonic contents and were surprised to find that many (five of eight) showed some degree of reactivity to preparations from conventionally housed, but not germ-free, mice ( Fig. 2a , Table 1 and Supplementary  Fig. 4a, b ). Colonic contents from Jackson Laboratories-sourced (Jax) Rag1 2/2 mice were not recognized by four of these colonic T reg TCRs unless they were first housed together with mice from our colony. In contrast to the colonic T reg TCRs, none of the eight abundant colonic activated/memory (CD44 hi ) TCRs ( Supplementary Fig. 5 ), or of four other TCRs tested (including B8 and TR5 (ref. 20)) showed any reactivity (not shown). In addition, TCR recognition did not occur in the absence of dendritic cells and was blocked by antibodies against MHC class II (not shown). Thus, these data suggest that the antigens responsible for TCR activation are derived from microbes that can be passed between mice that are housed together.
We therefore attempted to identify bacteria recognized by these colonic T reg TCRs by screening small pools of two or three heat-killed bacteria isolated in pure culture from the colonic contents of mice in our colony ( Fig. 2b and Supplementary Figs 4c and 6 ). Two colonic T reg TCRs (CT6 and CT7) reacted to one or more pools. Testing of individual isolates from these pools revealed that CT6 reacted with isolate ACNA18.1, identified by 16S ribosomal RNA gene sequencing as a previously uncharacterized Clostridiales species. All three isolates recognized by CT7, but none of 34 other sequenced isolates, were identified as Parabacteroides distasonis ( Fig. 2c and Supplementary  Fig. 6 ). To assess whether CT7 broadly recognizes commensal species within the Parabacteroides/Bacteroides genuses, we screened it against an additional panel of closely related mouse-derived commensal Parabacteroides and Bacteroides species 22 . CT7, but not CT2 or CT6, recognized only a subset of these bacterial species, including a second isolate of P. distasonis ( Fig. 2d ). Importantly, isolates that did not stimulate CT7 were recognized by another TCR hybridoma, DP1 ( Supplementary Fig. 7a ), indicating that these preparations contained antigens capable of stimulating TCRs. The almost mutually exclusive specificity of CT7 and DP1 within the Bacteroidaceae family makes it unlikely that these TCRs recognize self antigens in the host that are differentially induced by these closely related bacteria 22 (Supplementary Fig. 7b ). The TCR-specific reactivity patterns further suggest that TCR activation is not due to non-specific stimulation by generic immunostimulatory bacterial components or superantigens. Rather, these TCRs probably recognize distinct bacterial protein antigens, because predigestion of heat-killed P. distasonis with proteinase K abrogated recognition by the CT7 hybridoma ( Supplementary Fig. 7c ), in contrast with a report of T reg -cell induction by protease-insensitive capsular polysaccharide from B. fragilis 6 . Although proof of direct bacterial recognition will require the identification of specific epitopes, these data strongly argue for the recognition of a bacteria-derived peptide by colonic T reg TCR CT7.
More than half of the tested colonic T reg TCRs recognized colonic contents and/or bacterial isolates (Table 1 ). However, this may underestimate the true frequency of colonic T reg TCRs that respond to bacterial antigens. A lack of reactivity in our screen cannot be interpreted to mean that the TCR does not recognize bacteria, because the antigens may be rare in unfractionated colonic contents, lost on autoclaving, or derived from an organism that was not isolated in our screen. Thus, the specificity of common colonic T reg TCRs seems to be skewed towards the recognition of bacterial antigens.
Although T reg cells may develop extrathymically as a result of an encounter with bacterial antigens, it is also possible that these T reg cells are selected by self-antigen recognition in the thymus, followed by expansion in the periphery due to cross-reactivity. To assess the ability of these colonic T reg TCRs to facilitate thymic T reg -cell selection, we tracked the development of immature Foxp3 gfp Rag1 2/2 thymocytes that were retrovirally transduced with a colonic T reg TCR. None of the colonic T reg TCRs generated an appreciable frequency of Foxp3 1 thymocytes ( Fig. 3a and Supplementary Figs 8 and 9a ), in contrast with T reg TCRs normally found at other peripheral locations (R19, G25 and R111; Supplementary Fig. 3 ). Note that G25 and R111 can be found at low frequency in the colonic T reg -cell subset, suggesting that the colon does contain some thymically derived T reg cells. The lack of T reg development in cells expressing colonic T reg TCRs cannot be attributed to an overwhelmed thymic niche 23, 24 ( Supplementary Fig.  9b ). These data therefore demonstrate that many common colonic T reg TCRs facilitate thymic T reg -cell selection poorly, if at all, implying that these TCRs instead mediate peripheral T reg -cell development.
The retroviral transduction of thymocytes does not result in the emergence of sufficient numbers of transduced T cells from the thymus to permit their reliable detection in the periphery. We therefore retrovirally transduced self-renewing bone marrow progenitors and used them to create stable chimaeras, selecting colonic T reg TCRs CT2 and CT6 on the basis of their in vitro reactivity to colonic contents ( Fig. 2a ). In these chimaeras we observed virtually no development of Foxp3 expression in cells expressing CT2 or CT6 (Fig. 3b , left; Supplementary Fig. 10 ). We reasoned that CT2 and CT6 may not recognize the microbiota in these commercially sourced host mice (Fig. 2a ), and 
LETTER RESEARCH
therefore performed experiments in which the chimaeras were housed together with mice from our colony. This resulted in the induction of CT2-expressing or CT6-expressing T reg cells preferentially localized in the colon (Fig. 3b , right, and Supplementary Fig. 11 ). In an observation paralleling that previously made in the thymus 23, 24 , there also seems to be a saturable, antigen-specific T reg -cell niche in the periphery 25 (Supplementary Fig. 11c ). Although these data strongly suggest that many colonic T reg cells are generated extrathymically on encountering bacterial antigen, it remained possible that a rare population of thymically generated T reg cells below the limit of our detection expanded on encountering peripheral antigen 25 . We therefore generated CT6 TCR transgenic mice ( Supplementary Fig. 12 ) and adoptively transferred CD44 lo Foxp3 2 CT6 T cells mixed with congenic polyclonal CD4 1 'filler' T cells into T-cell-deficient Tcrb 2/2 hosts. Consistent with the bone marrow chimaera data, the transferred CT6 T cells expanded and induced the expression of Foxp3 only if the recipients were housed together with mice from our colony ( Fig. 3c and Supplementary Fig. 13 ). Taken together with the observed lack of T reg -cell development by thymocytes expressing colonic T reg TCRs (Fig. 3a) , these data suggest that a substantial proportion of the colonic T reg population arises extrathymically from antigen-specific interactions with the colonic microbiota.
The notion that most colonic T reg cells are generated as a result of microbial interactions is at odds with the observation that germ-free mice have normal T reg -cell frequencies 6 ( Supplementary Fig. 1 ). However, we and others 14 have observed that most colonic T reg cells in conventionally housed, but not germ-free, mice are probably of peripheral origin, because these cells express low levels of the transcription factor Helios ( Fig. 3d and Supplementary Fig. 14) , a putative marker for thymically derived T reg cells 26 . We therefore speculate that germ-free conditions skew the colonic T reg TCR repertoire towards thymically derived T reg TCRs. Supplementary Fig. 7 ) was tested against hybridomas expressing CT2, CT6 and CT7. Data shown are means 6 s.e.m. for three experiments. 
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The efficient differentiation of naive T cells into T reg , rather than effector, cells may be important for generating colonic tolerance, because it has been observed that TCRs that facilitate thymic T reg -cell development can be pathogenic when expressed on effector T cells 17, 27 . To address this possibility, we performed an initial analysis of colonic TCR repertoires in mice expressing the fixed TCR b chain and undergoing spontaneous colitis due to genetic deficiencies in interleukin (IL)-2, IL-10 or transforming growth factor-b receptor signalling ( Supplementary Fig. 2a ). We observed that several colonic TCRs almost exclusively found in the Foxp3 1 data sets in normal mice were found in the effector/memory data sets in the diseased animals (Supplementary Fig. 15a ). Although these genetic manipulations may affect T reg -cell development or survival, the relatively high abundance of some of these TCRs in the CD44 hi subset suggests that effector cells expressing these TCRs are expanding in the colitic environment. To test for the pathogenic potential of colonic T reg TCRs, we retrovirally expressed CT2 and CT6 TCRs on peripheral, monospecific TCRab transgenic cells with known specificity for a foreign antigen (human CLIP peptide). Adoptive transfer of these cells, which were virtually all Foxp3 2 , into Rag1 2/2 hosts housed with mice from our colony induced weight loss and colitis ( Fig. 4 and Supplementary Fig. 15b, c) . In contrast, cells expressing only the transgenic TCR or a TCR from the naive T-cell subset (B8) did not. The failure of these retrovirally transduced T cells to upregulate Foxp3 and become regulatory in this situation is probably due to expansion in a lymphopoenic environment, as well as in vitro T-cell activation-a requirement for retroviral transduction. Thus, these data illustrate the potential pathological consequences of T-cell recognition of commensal bacterial antigens under conditions that disfavour T reg development.
This analysis of common colonic T reg TCRs in a fixed TCRb repertoire suggests a model ( Supplementary Fig. 16 ) in which T cells expressing these TCRs exist as naive T cells in the absence of antigen Supplementary Fig. 13 for flow cytometric plots. d, Helios expression in T reg cells. Representative intracellular Helios staining in CD4 1 Foxp3 1 cells from conventionally housed (conv.) and germ-free (GF) Foxp3 gfp mice is shown, and is summarized in Supplementary Fig. 14. For all plots in this figure, each symbol represents data from an individual host. One representative experiment is shown (summary in Supplementary  Fig. 15b ). b, A representative haematoxylin/eosin-stained section of the descending colon 7-10 weeks after T-cell transfer. Original magnification 34.
LETTER RESEARCH (Fig. 3b, left, and Supplementary Figs 10 and 11) . Encounter with bacteria-derived foreign antigens in the colon seems to drive the generation of Foxp3 1 T reg cells efficiently (Fig. 3b ), because it typically does not result in the substantial simultaneous development of CD44 hi cells of the same specificity (Fig. 1a, b ). This diversion of naive T cells with bacterial TCR specificity into the T reg -cell lineage may be crucial for preventing the generation of colitogenic effector cells (Fig. 4) . Thus, these data support a model in which an individual's T-cell population is not only instructed by classic self/non-self discrimination mechanisms during thymic development but is also educated in the periphery to accommodate the variety of non-self antigens derived from the commensal microbiota at mucosal sites.
METHODS SUMMARY
Mice. TCli TCRb Foxp3 gfp Tcra 1/2 ; Foxp3 IRES-GFP ; Il-2 2/2 ; Il-10 2/2 ; and dnTGFbRII strains have been described (see Methods). C57BL/6 Rag1 2/2 and CD45.1 mice were obtained from Jackson Laboratories and the National Cancer Institute, respectively. Germ-free mice were generated in collaboration with J. Gordon. CT6 transgenic mice were generated as described 23 . TCR repertoire analysis. Analyses of TRAV14 (Va2) TCR sequences from TClib transgenic mice were performed as described 20 . Lamina propria cell suspensions from the entire colon were prepared as described 9 , and CD4 1 subsets were sorted with a FACSAria (Becton Dickenson). Hybridoma assays. Hybridoma cells expressing GFP under an NFAT promoter 21 were retrovirally transduced with TCli TCRb-IRES-mCD4 and an individual TCR a chain. Hybridomas were cultured with flt3-ligand-elicited dendritic cells with the indicated antigen preparations and analysed by flow cytometry after 1.5 days. Antigen preparations. Whole colonic contents and food pellets were diluted with phosphate-buffered saline, vortex-mixed, homogenized, filtered, and autoclaved for 15 min. Colonic bacterial isolation was performed as described 22 (see Supplementary Fig. 6 ).
In vivo developmental assays. Retroviral transduction and intrathymic transfer of Rag1 2/2 thymocytes were performed as described in Methods. Analysis of CD4 SP thymocytes was performed about 2.5 weeks later. Retroviral bone marrow chimaeras were created as described 23 . Some recipients were housed together with mice from our colony 2 weeks after bone marrow reconstitution, for a period of 1 week.
In vivo peripheral T-cell assays. Retroviral transduction of peripheral TCli-ab Foxp3 gfp Rag1 2/2 T cells was performed as described 27 , and cells were transferred intravenously into Rag1 2/2 hosts housed with them. Sorted CD4 1 CD44 lo Foxp3 2 cells (5 3 10 4 ) from CT6 transgenic mice were co-transferred with 5 3 10 5 CD45.1 1 CD4 1 'filler' cells into Tcrb 2/2 mice. Recovered cells were analysed by flow cytometry 5 weeks later. Statistics. The Wilcoxon rank sum test was used unless otherwise indicated.
